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Abstract 

Although hisiopithology will continue to be essential for as¬ 
sessing the resulLs of rodent inhalation studies, molecular toxico¬ 
logy endpoints are of increasing importance, as these techniques 
often complement and extend histopathological examinations. 

One of the primary uses of molecular toxicology is 
determining the delivered dose of the inhaled material to 
macromolecules in target tissues. During inhalation studies 
this is most often done by mea.suring DNA adducts in the 
respiratory tract. DNA adducts may be mea.sured specifi- 
caliy (e.g. using monoclonal aniibodies or mass spectro¬ 
metry) or non-specifically Ce.g. by using the '-P-post-!a- 
boling assay). Another major use of molecular toxico¬ 
logy techniques is the assessment of cellular and molecular 
changes In target tissues which may precede or be more 
sensitive than histopathologic alterations. For example, 
rates of cellular DNA synthesis occurring in target tissues 
may be quantified at any time during the study by admin- 
i.stering the animals either radiolabelted thymidine or the 
non-radiolabelled thymidine analog bromodeoxyundine 
(BrdU). Pulmonary changes may be assessed in broncho- 
alveolar lavage fluid using either cellular (e.g. macrophage 
number, granutocvie number) or biochemical (e.g. alkaline 
phosphatase, lactate dehydrogenase) techniques. The po¬ 
tential of the inhaled material to produce genetic alterations 
may be evaluated by examining the chromosomes of pul¬ 
monary alveolar macrophages for cytogenetic changes. 

To illustrate the use of these endpoints, an experiment 
was conducted to determine the molecular toxicology of 
aged and diluted sidestream smoke (a surrogate for envi¬ 
ronmental tobacco smoke) in rodent inhalation studies. The 
endpoints measured were DNA adducts in target and non- 
target tissue, chromosome aberrations in pulmonary alveo¬ 
lar macrophages, and DNA synthesis in the epithelial lining 
of the nasal turbinates. 


* Presented as a paper at the am Imemauonal Inhalation 
Symposium. Hannover. Germany, 1-5 March 1993. 


In conclusion, quantitative molecular toxicology techniques 
arc expected to assume an increasingly prominent role in 
the conduct and interpretation of rodent inhalation studies. 

Introduction 

Animal bioassays to determine the toxicology of chemi¬ 
cal compounds should be evaluated using two separate 
but complememary approaches. In the first method, histo- 
pathological effects are measured at appropriate times 
after initiation of exposure to the test agent. In the second 
method, the biologically effective dose and molecular ef¬ 
fects are measured at appropnale times after initialion of ex¬ 
posure to the test agent. This latter approach involves mole¬ 
cular toxicology nrreihods, and is more quantitative and 
often more sensitive than histopathological determinations. 

Traditionally, assessments of exposure have largely de¬ 
pended upon measuring the presented dose. Molecular 
dosimetry can be used to determine the actual concentra¬ 
tion of the agent interacting at a biological target site 
(biologically effective dose). This relatively new field 
provides scientists with many techniques for exposure 
assessment. For example, the molecular dosimetry of 
genoioxic agents may be assessed by mea-sunng cova¬ 
lent DNA adducts in target tissues. Molecular dosimetry 
therefore ha.s significant advantages over measurement 
of the presented dose. Other molecular toxicology end¬ 
points can provide additional information about the mole¬ 
cular effects of the test agent. 

This paper will sumniari/.e three methods we have 
used to determine the molecular toxicology of aged and 
diluted sidestream smoke (a surrogate for environmental 
tobacco smoke) in rodent inhalation studies. Endpoints 
measured include DNA adducts in target and non-target 
tissue, chromosome aberratioiis in pulmonary alveolar 
macrophages, and DNA synthesis in the epithelial lining 
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Fig. 1. '-P-poslIabeling of DNA adducts. 
Nuclease PI enhancemeni (Reddy and Ran- 
DERATH, 1986). 


of the nasal turbinates, a sensitive target tissue for many 
inhaled toxicants. 

Biologically Effective Dose 

Markers of biologically effective dose are important in 
determining the concentration of the test agent in target 
lissue.s. Markers may determine the quantify of the mate¬ 
rial interacting with the tissue and how that material is 
metabolized. The determination of DNA adducts is a 
dosimeter of chemical exposure for cniical maciomole- 
cuies in the target tissue. DNA adducts cannot be direct¬ 
ly equated with carcinogenesis. However, DNA adducts 
may lead to mutations, and mutations may trigger the ini- 
iialion phase of the carcinogenic process. Methods of 
measuring DNA adducts include the ^’P-postlabeling as¬ 
say, immunological assays, gas chromatography/mass 
spectrometry, high pressure liquid chromatography, and 
tluorescence spectroscopy. A relatively new method that 
is being widely use is the '-P-posilabeling assay. Figure 1 
briefly outlines the methodology of this assay. 

The ’*P-posilabe!ing assay has the advantage of high 
sensitivity (I adduct in 1CF-10‘“ nucleotides) and does 
not require prior knowledge of the chemical identity of 
the adducts. This assay is therefore suitable for the study 
of molecular dosimetry of covalent DNA binding at low 
concentrations of complex mixtures such as tobacco 
smoke. A dose-response relationship between DNA ad¬ 
duct levels in target tis.sues and applied doses of a series 
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of complex mixtures has been reponed ( Gallagher et al. 
1990; jAHNKEet al. 1990). The presence of DNA adducts 
jn smokers has been reported, with significantly reduced 
levels in ex-smokers and non-smokers (Phillips et al, 
1988; Randerath et al. 1989b', Cuzick et al. 1990: Phil¬ 
lips et al. 1990; Ge.veste et al. 1991). In rodents, adduct 
formation has been reponed in lungs and other respira¬ 
tory ti.ssues (Bond et al. 1989; Gupta et al. 1989; Gai- 
rola and Gupta. 1991; Reddy and Randerath 1990) 
following cigarette smoke exposure. 

A study was recently performed at R. I. Reynolds To¬ 
bacco Company to determine the biological effects of 
exposure to aged and diluted sidestream smoke (ADSS), 
a surrogate for environmental tobacco smoke. Average 
concentrations of particulate matter in indoor areas where 
smoking is occurring have been reported to be 0.12 mg/tn’ 
(GuERtN 1992). Rats were exposed to ADSS at concen¬ 
trations of 0.1,1.0, and 10 mg/m- for 90days followed by 
90 days without exposure. 

These concentrations approximate ambient, lOX. and 
ICOX concentraiions of particulate maner in indooi 'areas 
where smoking is occurring, respectively Inhalation of 
the ADSS by the rats was confirmed by measurement of 
blood carboxyhemoglobin and plasma nicotine/cotinine 
(Coggins et at. 1992b). No overt signs of toxicity were 
observed and no significant body weight differences 
were noted between any of the exposed groups and the 
sham controls. All lungs, including the ones from the 
high exposure group, appeared normal at necropsy. The 
only histopathological changes observed were mild hy- 
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Fig. 2. DNA adduct maps of lung, heart, and 
larynx tissues of Sprague-Dawley rats ex¬ 
posed to aged and diluted sidestream smoke 
for 13 weeks. DNA adducts were analyzed 
using a nuclease PI version of the ’-P-post- 
labeling assay. 4 (ig of DNA were applied 
on PEI-cellulose TLC for adduct develop¬ 
ment. TLCs were scanned forS hr using the 
AMBIS ratJioanalylic imaging system. 
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perpiasia of the epithelium of the nasoiurbinatcs in one 
section of the nose, in the high exposure group only. These 
histopathologicul changes did not progress with increased 
length of expo.sure and they were totally reversed 90 days 
after cessation of ADSS exposure (COGGtNS et al. 1992bl. 

After 90 days of exposure, DNA adduct levels In lung, 
heart, larynx, liver, and bladder in animals from the low 
lO. 1 mg/m*) aitd medium (1.0 mg/m' exposure groups 
were not significantly different than those of sham con¬ 
trol animals. Lung, heart and larynx DNA from the high 
1 lO.O mg/m*) exposure group exhibited increases in DN A 
adducts with a diagonal radioactive zone (DRZ) and i 
few discrete spots. The relative adduct labeling values 
(RAL) of these adducts were significantly higher than 
sham control, low, and medium exposed animals. D.NA 
from liver and bladder, however, did not contain increases 
in DNA adducts or a DRZ even at the high exposure. Re¬ 
presentative adduct maps of lung, heart, and larynx from 
90 day necropsies are shown in figure 2. 


Statistical analysis for the *=P data was performed 
using Levcne's test for equality of variance. Since une¬ 
qual variances were found, data were lug-transformed. 
Statistical significance (p < 0.05) was evaluated by ana¬ 
lysis of variance followed by pairwise student’s i test 
with Bonferroni adjustment. 

Determination of the shape of a dose-response curve in 
the low dose region is a somewhat difficult and olien un¬ 
resolved task in toxicology and risk assessment. The 
shajje of the dose response relationship has often been 
estimated by linear exlrapolauon of the effects from high 
dose exposed animals (Lutz 1990), Our data indicate a 
No-Observed-Effcct-Level (NOEL) of 1 mg(m' for the for¬ 
mation of DN.A adducts in the lung and suggest that the 
shape of the dose response Curve is non-linear. Alternative¬ 
ly, the absence of discernible DRZs as well as the lack 
of statistically significant adduct levels in the medium 
and low exposure animals could be due to a limit of sen¬ 
sitivity of the **P-postlabeling assay. To test this hypo- 
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Fig. 3. DN.^ adduci maps of lung lissuci 
from ihe high (A. B) and the medium (C, D) 
exposure group as analyzed with 0.4 and 4 pg 
of D.NA samples, respectively, on TLC Nu¬ 
clease P! version of '-P-postlabeling assay 
was emplo)xd. The TLCs were scanned for 
S hr (A. C) and 60 hr (B, D) with AMBIS- 
N'ote the presence of DRZs in ihc high expo¬ 
sure group lA. B), but no corresponding 
DRZs in the medium exposure group. 


thesis. 0.4 pg of lung DNA from the high exposure group 
and 4 pg of lung DNA from the medium exposure group 
were analyzed simultaneously for adduct resolution. As 
shown in figure 3. the adduct maps clearly demonstrated 
the presence of a DRZ and discrete spots in the high 
exposure group and no corresponding DRZ in the 
medium exposure group. These results effectively 
demonstrate that the absence of DRZs in the medium 
exposure animals is not due to the limit of sensitivity of 
the assay. The clear presence of a DRZ in 0.4 pg of lung 
DN.A from the high exposure group (figure 3) combined 
wiih the absence of similar adducts in 4 pg (figures 2 & 3) 
of lung DNA from the medium exposure group provide a 
strong indication that the adducts in the medium exposure 
group, if they exist, are less than one tenth of those 
formed in the high exposure group. These data clearly 
support a nonlinear doseresponse of DNA adduct formation 
bv ADSS exposures, and indicate a NOEL of at least 
1.0 mg/m-' Importantly, this concentration is 10 fold 
higher than the average concentration of ETS particulate 
matter in indoor environments where smoking is occurring 
(Gi.eri.n 1992). 

in studies of both humans and laboratory animals, 
DN.A adducts have been reported to decrease and eventu¬ 
ally disappear upon cessation of exposure to genotoxic 
agents. DNA adducts in rats exposed to die.sel exhaust 
were reduced 4 weeks after cessation of exposure (Bond 


et al, 1989). Lung DNA adducts from rats exposed to ci¬ 
garette smoke were significantly reduced 19 weeks after 
cessation of exposure (Gupta et al. 1989). Similar results 
were observed in the present study. Adduct assays from 
animals examined 90 days after cessation of ADS-S expo¬ 
sure exhibited significant decreases in total adduct levels 
in the high exposure animal.s. The RAL values of all the 
tissue samples (lung, heart, larynx, liver, and bladder) are 
presented in figure 4. 


Molecular effects of exposure 

Cytogenetics 

RiTHtDECH et al. (1989) recently reported that pul¬ 
monary alveolar macrophages (PAM) of rats exposed to 
mainstream cigarette smoke developed chromosomal 
aberrations, thus demonstrating the utility of these cells 
as a tool for studying the cytogenetic effects of cigarette 
smoke exposure in the rat lung. This methcxl of evalu¬ 
ating chromosomal aberrations was therefore included 
with the measurement of DNA adducts in lung tissue in 
ihe 90-day aDSS study detailed above (Lec et al. 1992: 
Lee et al. 1993). 

Results of the chromosomal aberration assay in P.AM 
after 28 and 90 days of ADSS exposure are presented in 
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Fig. 4 . Time course of adduct formation in the indicated lisiucs of Sprague-Dawle\ rats exposed to aged and diluted slde- 
iircam smoke <ADSS>. Adducts were determined after 2S (except blacidcr). and 90 days of ADSS exposure, and 90 days 
after cessation of exposure (180 days). Arrows in the figures indicate 90 days, when the ADSS exposure ended. DNA ad¬ 
ducts were analyzed by the Nuclease PI version of ’'P-posilabeling assay. Mean R.M- values were determined from five 
animals in each exposure group. The error bars indicate SEM. High. S Medium. ♦ Low. • Sham). 
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Table 1. Chrompsome jberraiioii m pulmpnary alveolar 
macrophages ot'rals exposed to aged and diluted sidestream 
smoke for dS or dO days. 


exposure 

groups 

number 
of ani¬ 
mals 

number 
of ceils 
analyzed 

percent 
cells with 
aberraiion 

28 days 

Sham (room airl 

5 

250 

3,2 

low (0.1 mg>mT 

5 

2.50 

2.8 

medium (1,0 mg/m'J 

5 

250 

2.0 

high (lO.O mg/m') 

5 

250 

4.0 

9U days 

sham (rooin ain 

.5 

250 

1.2 

low {0.1 mg/nrt') 

-f* 

172 

0.6 

medium (! 0 miz/m') 

5 

250 

0,8 

high (10.0 mg/m ') 

5 

227 

1.8 

CP** (10 mg/kg) 


89 

1.3.5*" 

saline (0.5 mg/kg) 

3 

150 

0.7 


Cell preparation from one animal was lost. 

** CP. cyclophosphamide (positive control). 

'*“■ Significantly greater (p < 0,05) than sham control by 
Fisher's E.xact Te.st, 


table I Frequencies of cells with aberrations in all three 
ADSS exposed groups are minimal and not siaiisiically 
different from the sham control, in both 28 and 90 day 
samples. Animals treated with the positive control, cyclo¬ 
phosphamide. exhibited a stansiically significant increase 
in chromosomal aberrations in alveolar macrophages. 

RiTHtnecH et a!, exposed rats to approximately 100 to 
200 mg TPM/m’ for 6 Wday. 5 days/week for 22 to 24 
days and repotted a significant increase in the frequencies 
of chromosomal aberrations in the PAM of exposed ani¬ 
mals (table 2), These cells, which are collected in the 
respiratory tract, may be the most sensitive cells in the 
respiratory tract to cigarette smoke or airborne chemicals 
since they represent direct target tissues by inhalation. 
The negative results in our study indicate that ADSS at 
lOOX concentrations did not result in chromosomal da¬ 
mage in these cells. Thus, under the conditions of these 
studies. ADSS at 10 rag/m’ represents a NOEL for chro¬ 
mosomal aberrations in pulmonary alveolar macropha¬ 
ges, Again, this concentration of ETS particulates is 100 
fold higher than would be present in indoor environments 
where smoking is allowed (Guerin 1992). 


Cell Proliferdtion 

There is a current w'orklng hypothesis that chemically 
induced mitogenesis may be a significant factor in carci¬ 
nogenesis (Ames and Gold 1990). Assessment of cell 
proliferation rates in putative target organs is therefore an 
increasingly imponant component of acute, subchronic. 
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Table 2, Chromosome aberratinns in pnlnioiiaiy .iKeolar 
macrophages from rats exposed to mainstream eigareltc 
.xmoke' '■ 


exposure route sham control csgareile smoke 

exposed^ 

Wliolebody I.OiO.58 T50 ± 2.2(>' 

Nose only 3.0=1.91 12.00 ± 2.-‘'8'= 

■■ Rithidech ei al. I ( 989 ). 

" Percentage of cells w ith aberrations, mean = S. E. 

■ 200 mg/m'. 6 hr per day 22-24 days, 

■' Significantly elevated relative to the maiched control 
groups. 


:u ' chronic bioa.ssays. Some models for carcinogenic 
risk assessment use cell proliferation rates as one of the 
input variables (Moolg.avk.xr and LuthbCK 1990; 
CoiiEN and Ellweis 1990), In these models, the like¬ 
lihood of a chemical being carcinogenic is increased if it 
increases either DNA damage or cell proliferation. 

Carcinogenesis is a mullisiage proce,s.s. the two major 
stages being “initiaiion'' and "promotion". Initiation in¬ 
volves the induction of genetic changes thai. for example, 
may activate oncogenes and/or inactivate tumor suppres¬ 
sor genes, while promotion involves the clonal expansion 
of initiated cells. Increased cell proliferation has been hy¬ 
pothesized to play a cntical role in both stages. Actively 
proliferating celts are much more .susceptible to muu- 
geresis by both endogenous and exogenous mutagens 
than are quiescent cells. Thus, chemicals that increase 
mitogenesis can convert pre-existing DNA damage caused 
by endogenous or exogenous chemicals into mutations 
I.Ames and Gold 1990). If these mutations occur in critical 
regions of oncogenes and/or tumor suppressor genes, 
they could initiate the carcinogenic process. Since pro¬ 
motion is. by definition, the clonal expansion of initiated 
cell populaiions. an increased rate of cell replication 
would clearly plav a role in this stage of carcinogenesis. 
A role for increased cell proliferation in carcinogenesis is 
supported by observations that many nongenotoxic car¬ 
cinogens induce either receptor-mediated or regenera¬ 
tive hyperplasia in the target organ (Cohen and Ellweis 
1990) 


Since regenerative hyperplasia often occurs in re¬ 
sponse to chemically-induced cytotoxicity (IXiOLnTi.E et 
ai 1987; Strinmetz et al. 1988), carcinogenesis may 
occur during high-dose rodent studies, but is not likely at 
levels of human exposure (Ames and Gold 1990; Ames 
et al. 1990a; Ames et al. 1990b). Quantitative studies of 
cell proliferation rates provide cntical information for 


credible extrapolation of results across species. Cell pro¬ 
liferation rates during subchronic animal studies could, 
and should, be used as a component of the dose selection 
process for chronic bioassays. Caution should be e.xercised 
during the design and interpretation of these studies. 
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Fig. 5. Time course of DNA synthesis in nasal I turbinates of Sprague-Dawley rats exposed to aged and diluted sidestream 
smoke t ADSS), Osmotic minipumps containing 20 mg/ml BrdU were implanted subcutaneously over the dorsal thoraco¬ 
lumbar region of each animal. The osmotic pumps delivered BrdU continuously at a rate of 10 ul/hr for 3 days. DNA syn¬ 
thesis was determined after 5. 28. and 90 days e.xposurc to ADSS. and 90 days after cessation of e.xposure (180 days) 
.Mean +/- s. d. * - statistically different from sham at p S 0.05 


however, since some agents may induce only a short¬ 
lived rmtogenic response, which may not be sustained 
chronically. .Additionally, miiogenesix must be measured 
in the appropriate ceils within a target organ, For example, 
an agent increasing cell proliferation only in the differen¬ 
tiated cells of epithelium, but not in the basal stem cells, 
may not be a risk factor for carcinogenesis. Finally, it is 
important to maintain the view that carcinogenc.sis is a 
muliifactorial, multistage process in which increased cell 
proliferation, while of potential importance, is only one 
factor (Welnstein 1991). 

Histopaihologica! examination is the traditional method 
for assessing enhanced cell replication and will continue 
to be of paramount importance. The use of molecular 
approaches to quantify rates of DN.A synthesis is of in- 
crea,stng importance, and these techniques often comple¬ 
ment und extend histopaihoiogical e.xaminaiions. One .such 


technique is the use of BrdU labeling techniques in the 
assessment of cel! proliferation (Doolittle et al. 1992). 

5-Bromo-2’-dcoxyundine (BrdU) is a synthetic ana¬ 
logue of thymidine which is administered to the animals 
with osmotic mini-pumps implanted subcutaneously. When 
studying cel! kinetics, BrdU is incorporated into the DN.A 
of the Ceils in place of thymidine. With the use of osmo¬ 
tic mini-pumps, BrdU can be administered to the animals 
over several days to summate DNA synthesis occurring 
during this petiod (Doolittle et aJ. 1992). 

The nasal 1 turbinates of the rat, which are the first sec¬ 
tion of the nose, are very sensitive to inhaled to.xicams 
(Young 1981), The epithelia of nasal 1 turbinates are the 
first rodent tissues that come in contact with inhaled to¬ 
xicants, Therefore, in rodent Inhalation studies conducted 
on .AD.8S i CoGGiNS i992a, b). the turbinates were selected 
as likeiy target sites for studying the effects -of ADSS, 
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A significant increase in DNA synthesis was detected after 
.“i days of exposure at concentrations of l.Oand 10.0 mg/m' 
(figure 5). However, the level of DNA synthesis in the 
i mg/m- group returned to control levels after 28 days of 
e.xposure suggesting the pre.sence of a transient adaptive 
response by the animals at the 1 mg/m' dose (figure 5). 
DNA synthesis in the 10 mg/m^ group remained elevated 
at 28 and 90 days exposure and returned to control levels 
90 days post-exposure. These results suggest that the ob- 
-served effects of ADSS on UNA synthesis in the nasal 
turbinates arc sustained only at concentrations of ADSS 
greater than 1 mg/m’, a ten-fold exaggeration of indoor 
ETS levels. Furthermore, the effects observed at exag¬ 
gerated ETS levels do not increase with length of expo¬ 
sure. and are tolally reversible following cessation of 
exposure. 


Sumraary 

The incorporation of molecular toxicology endpoints 
into rodent bioassays often complements and extend.s 
hi.stopathological examination and aids in risk assess¬ 
ment. Molecular dosimetry (illustrated here by the DNA 
adduct assay) can facilitate species extrapolations and 
quantitatively define the shape of dose response curves. 
Knowledge of molecular effects leads to a mechanistic 
understanding of whether the.se responses are adaptive, 
transient, reversible, or increasing with time. The incor¬ 
poration of these endpoints into rodent inhalation studies 
will facilitate credible, mechanistically-based risk assess¬ 
ment. 
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